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This study aimed to analyze the preventive effect of nitric oxide (NO)-releasing nanofibers against ischemia-re-
perfusion injury (IRI) and to determine the mechanism of action as a novel NO delivery system in a rat model.
Eight-week-old male Sprague-Dawley rats, weighing 250 to 280 g, were divided into 3 groups: sham, untreated
(n=5); control, renal ischemia injury for 55 min (n=4); and NO24, renal ischemia injury for 55 min with kidney
wrapping of NO-releasing nanofiber for 24 h (n=6). mRNA expression was measured by real-time polymerase
chain reaction (PCR), whereas protein expression was assessed by immunohistochemistry and western blot
analysis.

Serum creatinine levels in the sham, control, and NO24 groups were 0.48+0.08, 4.66+0.33, and 2.60+1.00 mg/dL,
respectively (P=0.002). Anti-apoptotic Bcl-2 protein expression differed significantly between the control and the
NO24 groups (Bcl-2/B-actin; control, 0.50+0.12; NO24, 1.56+0.56; P=0.024). mRNA expression level of the in-
flammatory cytokine tumor necrosis factor-o (TNF-0) was significantly higher in the control group (23.24+11.32,
P=0.016) than in the sham group (1.00+1.21), and mRNA expression of TNF-a in the NO24 group (1.28+1.16,
P=0.010) was significantly lower than in the control group. Histological analysis revealed decreased atrophy
and necrosis in the NO24 group compared to those in the control group.

This study demonstrated that kidney wrapping of NO-releasing nanofibers had a protective effect against kid-
ney IRI through anti-apoptotic and anti-inflammatory mechanisms.
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Background

Several clinical series have identified ischemia-reperfusion in-
jury (IRI) as a major problem and a critical factor influencing
the outcome of transplantation in patients [1,2]. IRl is also
common after abdominal aortic aneurysm repair and is relat-
ed to patient prognosis [3]. Microvascular injury is associated
with IRI. After reperfusion, endothelial cells are activated, re-
sulting in the production of high levels of reactive oxygen spe-
cies (ROS) and low levels of nitric oxide (NO); this imbalance
leads to an inflammatory response [4]. As an inflammatory re-
sponse, leukocytes are recruited, and free radicals and inflam-
matory cytokines are released. ROS damage cellular proteins,
DNA, and plasma membranes, resulting in the release of more
free radicals. In addition, ROS increase apoptosis by participat-
ing in the apoptosis pathway [4]. Although the pathophysiolo-
gy of kidney IRl is poorly understood, early pathologic chang-
es in the kidney after IRl include vasoconstriction, endothelial
cell activation, and tubular edema. Reperfusion increases en-
dothelial expression of adhesion molecules, leads to leukocyte
recruitment and activation, increases production of ROS, and
promotes inflammatory responses [5,6].

Studies focused on reducing IRl have been conducted in various
fields, such as organ transplantation, cerebrovascular disease,
and wound healing [7,8]. During organ transplantation, warm
ischemia leads to activation of various inflammatory pathways
culminating in cellular injury to the organ [9]. Warm IRI can be
divided into early and late phases. The early phase occurs within
the first 2 h after reperfusion and the late phase occurs within
6 to 48 h after reperfusion. Cytokine and chemokine production
occurs during the early phase of IRI. Tumor necrosis factor-alpha
(TNF-ar) and interleukin (IL) significantly increase early and sys-
temically in the serum within minutes after reperfusion. These
cytokines upregulate the production of other cytokines, chemo-
kines, and adhesion molecules, which are all critical to the pat-
tern of injury observed in the late phase of IRI [10].

The gases NO, CO, and H,S have been recognized as important
signaling molecules against IRI. They regulate vascular tone
and ameliorate inflammatory effects [8]. Particularly, NO has
been demonstrated to play a key role in repairing tissue dam-
aged by IRI[11], and previous studies have reported a protec-
tive effect of NO against IRIl. NO mediates anti-inflammatory
responses through reduction of neutrophil infiltration and re-
duction of proinflammatory cytokines in IRl conditions [12]. NO
suppresses apoptosis by downregulating the expression of p53
gene, which promotes apoptosis. After IRI, the p53 gene ex-
pression level is increased. However, when an exogenous NO
donor was given during IRI, downregulation of p53 was corre-
lated with decreased apoptosis. Furthermore, it has been dem-
onstrated that NO inhibits the activity of the caspase cascade,
which plays an important role in the initiation of apoptosis [13].
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Intra-renal administration of the NO-releasing molecule mol-
sidomine [14], injection of L-arginine [15], and use of the NO-
releasing nonsteroidal anti-inflammatory drugs (NO-NSAIDs)
furoxan and zeolite [16] have been tested as methods to sup-
ply NO. However, NO administered via these routes can act sys-
temically; therefore, it is important to develop a method that
minimizes the action of NO on non-target organs and effec-
tively provides NO to target organs. Previous studies reported
that the use of high NO-loading hydrogels [17] or NO-supplying
polymers [18] results in local diffusion of NO, reducing its loss
due to release into the bloodstream; however, the applica-
tion of these approaches is limited to vascular grafts or stents.
Echogenic liposomes loaded with gaseous NO [19] have been
studied for site-specific NO delivery. Although liposomes pre-
vent gaseous NO scavenging by hemoglobin, their efficacy is
poor because of continuous blood flow. Thus, there are still
many challenges to be overcome for realizing the clinical ap-
plication of these methods.

To overcome these limitations, NO-releasing nanofibers were
used to supply NO directly to the target organ. The aim of this
study was to analyze the preventive effect of NO-releasing
nanofiber against IRl and elucidate its mechanism of action
as a novel NO delivery system in a rat model.

Material and Methods

Animals

Healthy male Sprague-Dawley rats (8 weeks old, body weight
250-280 g; Young Bio Co, Seoul, Korea) were housed in stan-
dard animal laboratories under a controlled temperature
(23+2°C) with a 12-h light-dark cycle and ad libitum access
to tap water and standard laboratory chow until 12 h before
the experiment, when the animals were fasted. All animals
were maintained in accordance with the recommendations of
the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals of the Korean Academy of Medical
Sciences. The experiments were approved by the Institutional
Animal Care and Use Committee of Kyung Hee University.

Synthesis of NO-Releasing Nanofibers

Since the synthesis process and materials of NO-releasing nano-
fibers have been previously described in our literature [20], the
details were omitted here (Supplementary Figure 1).
Experimental Protocols

Fifteen rats were divided into 3 groups: sham, untreated

group (n=5); control, renal ischemia injury for 55 min (n=4);
and NO24, renal ischemia injury for 55 min with the kidney
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wrapped with NO nanofiber for 24 h (n=6). All procedures were
performed with the rats under anesthesia induced by isoflu-
rane inhalation (isoflurane concentration, 1.5-3%; oxygen flow
0.5 L/min). One week before the experiment, all rats under-
went right nephrectomy.

In the sham group (n=5), rats were anesthetized and submit-
ted to the complete surgical procedure without aortic clamping.
First, in the NO24 group, the kidney was wrapped with an NO
sheet, and 1 h later, the control and NO24 groups were start-
ed with ischemic injury. The ischemia-reperfusion procedure
was performed by making a left lateral incision and then the
renal artery and vein were clamped for 55 min using a micro-
vascular clamp. After 24 h, the sheet was removed from the
kidney in the NO24 group. After 48 h, tissue and blood sam-
ples were obtained (Supplementary Figure 2).

Detection of the Levels of Creatinine in the Serum

Serum was obtained through the intra-cardiac puncture at 48
h after the operation. Creatinine levels in the serum were de-
termined using a biochemical analyzer at the Korean Animal
Medical Science Institute.

Western Blot Analysis

Tissues were homogenized and then underwent lysis using ly-
sis buffer containing 1 mM PMSF (Cell Signaling Technology,
Boston, MA, USA). The protein concentration was determined
using a BCA protein assay (Thermo Fisher Scientific, Rockford,
IL, USA), according to the manufacturer’s protocol. Ten micro-
grams of protein were fractionated using 8-12% sodium dodec-
yl-sulfate polyacrylamide gel electrophoresis and transferred
via electrophoresis to nitrocellulose blotting membranes. The
membranes were blocked with 1% bovine serum albumin for
1 h at room temperature and then incubated overnight at 4°C
with antibodies against Bax, Bcl-2, NF-kB, cleaved caspase-3,
and B-actin (Cell Signaling Technology), which were diluted
1: 1000 with Tris-buffered saline containing 0.05% Tween-20
(TBS-T). After washing with TBS-T for 1 h, the membranes were
incubated for 1 h at room temperature with anti-rabbit and
anti-mouse horseradish peroxidase-conjugated secondary an-
tibodies diluted 1: 2500 in TBS-T. The membranes were subse-
quently washed with TBS-T for 1 h, and proteins were devel-
oped using Amersham ECL Prime reagent (GE Healthcare Life
Sciences, UK). The protein band densities were quantified us-
ing Image J software (NIH, USA).

RNA Extraction and Real-Time Polymerase Chain Reaction
Total RNA was extracted from the rat whole kidneys using

TRIzol (Invitrogen, Carlsbad, CA, USA). First-strand cDNA syn-
thesis was performed with 2 pg of total RNA and transcribed
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to cDNA using a reverse transcription system with Oligo(dT),,
(Clontech Laboratory, A Takara Bio Company, CA, USA) in a
20-pL reaction volume. Real-time polymerase reaction chain
reaction (PCR) was performed using the StepOnePlus Real-
Time PCR system (Applied Biosystems, USA). Amplification
products were analyzed by a melting curve, which confirmed
the presence of a single PCR product in all reactions. Levels
of messenger RNA (mRNA) were normalized to those of glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH). The prim-
er sequences were as follows:

TNF-a, sense 5’-AGATGTGGAACTGGCAGAGG-3’ and

antisense 5’-CCCATTTGGGAACTTCTCCT-3’, 178 bp;

IL-1B, sense 5’-CAGGAAGGCAGTGTCACTCA-3’ and

antisense 5’-AAAGAAGGTGCTTGGGTCCT-3’, 100 bp;
intercellular adhesion molecules (ICAM)1,

sense 5’-TGGGGTTGGAGACTAACTGG-3’ and

antisense 5’-GTGCCACAGTTCTCAAAGCA-3’, 118 bp;

vascular cell adhesion molecules (VCAM)1, sense
5’-ACAAAACGCTCGCTCAGATT-3’ and

antisense 5’-GTCCATGGTCAGAACGGACT-3’, 152 bp;

IL-6, sense 5’-CCGGAGAGGAGACTTCACAG-3’ and

antisense 5’-CAGAATTGCCATTGCACAAC-3’, 134 bp;

IL-9, sense 5’-TACGTCCTTGCCTCTGCTTT-3’ and

antisense 5’-GGTCGTCCTTCAGGTTTTCA-3’, 109 bp; and
GAPDH, sense 5’-TGCCACTCAGAAGACTGTGG-3’ and
antisense 5’-TTCAGCTCTGGGATGACCTT-3’, 129 bp.

The amplification program was 95°C for 3 min and then 40
cycles consisting of 95°C for 10 s, 62°C for 10 s, and 72°C for
10 s. The crossing point of target genes with GAPDH was cal-
culated using the formula 2-tarset gene=GAPDH)  and the relative
amounts were quantified.

Analysis of Renal Morphology

Light microscopy was performed for the analysis of renal mor-
phology. For light microscopy, kidney tissue was fixed in 10%
neutral buffered formalin, embedded in paraffin, cut into 3-ym
sections, and stained with hematoxylin and eosin and periodic
acid-Schiff. Semi-quantitative scoring of tubular damage was
performed by quantification of the IRl standard with the fol-
lowing categories: grade 0, normal; grade 1, tubular damage
with tubular necrosis in 1% to 25%; grade 2, tubular damage
with tubular necrosis in 26% to 50%; grade 3, severe tubu-
lar damage with tubular necrosis in 51% to 75% of tubules,
without the presence of partial occlusion of the tubular lumen
by cellular debris; grade 4, severe tubular damage with tubu-
lar necrosis in 76% to 99% of tubules, without the presence
of partial occlusion of the tubular lumen by cellular debris;
and grade 5, severe tubular damage with tubular necrosis in
100% of tubules, without the presence of partial occlusion of
the tubular lumen by cellular debris. One hundred glomeruli
in each group were examined using the previously described
semi-quantitative scale.
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Statistical Analysis

Data are expressed as mean+standard deviation (SD) and
these were compared statistically using the Kruskal-Wallis and
Mann-Whitney U tests. All statistical analyses were performed
using SPSS statistical software (IBM Corp, Armonk, NY, USA)
and GraphPad Prism (GraphPad Software, Inc, San Diego, USA).
Values of P<0.05, sham group vs control group; P<0.05, con-
trol group vs NO24 group; and P<0.05, sham group vs control
group vs NO24 group were considered statistically significant.

Results

Serum Creatinine Levels

Serum creatinine levels were elevated at 48 h after surgery
in all animals that had undergone ischemia-reperfusion. This
elevation was blunted in the NO24 group compared with in
the control group. Creatinine levels in the sham, control, and
NO24 groups were 0.48+0.08, 4.66+0.33, and 2.60+1.00 mg/dL,
respectively (P=0.002). Serum creatinine levels in the NO24
group were significantly lower than those in the control group
(P=0.010) (Figure 1).

Expression of Bax, Bcl-2, Cleaved Caspase-3, and NF-xB

Western blot analysis of tissues obtained from the renal cor-
tices of animals in each group revealed that the expression
of Bcl-2 protein was significantly different between the con-
trol and NO24 groups (Bcl-2/B-actin; control, 0.50+0.12; NO24,
1.56+0.56; P=0.024). Compared with the sham group, Bax pro-
tein expression was increased by more than 4-fold in the con-
trol group but was only slightly increased in the NO24 group
(Bax/B-actin; sham, 0.27+0.14; control, 1.17+0.30; NO24,
0.53+0.38; P=0.041). Expression of cleaved caspase-3 also ex-
hibited significant differences among groups (sham, 0.25+0.06;
control, 0.81+0.11; NO24, 0.60+0.29; P=0.043). NF-xB exhib-
ited similar patterns, with no significant differences between
groups (sham, 0.20+0.03; control, 0.35+0.10; NO24, 0.28+0.12;
P=0.076) (Figure 2A).

In the renal medulla, there was no significant difference in the
expression levels of Bax, Bcl-2, cleaved caspase-3, and NF-xB
among the sham, control, and NO24 groups (P=0.142, P=0.748,
P=0.254, and P=0.063, respectively) (Figure 2B).

mRNA Expression of IL-1f3, IL-6, IL-9, TNF-0,, ICAM, and
VCAM

Real-time PCR data were expressed relative to the mean ex-
pression in the sham group, which was indicated as 1.00.
mRNA expression of the inflammation-related cytokine TNF-o
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Figure 1. Serum levels of creatinine. Serum creatinine levels
were analyzed using a biochemical analyzer at 48
h after surgery. Serum creatinine level increased at
48 h after surgery in all animals that had undergone
ischemia-reperfusion. However, it was significantly
lower in the NO24 group than in the control group.
* P<0.05, sham group vs control group; ** P<0.05,
control group vs NO24 group; and *** P<0.05, sham
group vs control group vs NO24 group were considered
as significant. Prism, version 5 (GraphPad Software,
Inc, San Diego, CA, USA) was used to create the figure.

in the renal cortex was significantly upregulated in the con-
trol group (23.24+11.32, P=0.016) compared with in the sham
group (1.00+1.21). In contrast, the mRNA expression of TNF-a.
in the NO24 group (1.28+1.16, P=0.010) was significantly low-
er than in the control group. Moreover, IL-9 mRNA expression
differed significantly among groups (sham, 1.00+0.93; con-
trol, 4.61+2.87; and NO24, 2.71+1.74; P=0.038). However,
IL-1B and IL-6 exhibited similar mRNA expression levels, with-
out significant differences (P=0.324 and P=0.111, respective-
ly) (Figure 3A).

In the medulla, only IL-6 mRNA expression was significantly
lower in the NO24 group (0.65+0.42) compared with that in
the control group (4.05+2.15, P=0.010). However, the mRNA
expression levels of other inflammatory cytokines did not dif-
fer significantly between the control and NO24 groups (IL-1f,
P=0.476; IL-9, P=0.914; TNF-a, P=0.114) (Figure 3B).

The mRNA expression of ICAM and VCAM were not significant-
ly different among groups in either the renal cortex or the me-
dulla (Figure 3A, 3B).

Histological Changes

The periodic acid-Schiff scores of renal morphology in the sham,
control, and NO24 groups were not significantly different. The
brush border of the proximal tubule was depleted in the con-
trol and NO24 groups compared with that in the sham group.
The NO24 group showed less atrophy and necrosis than the
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Figure 2. Expression of apoptosis- and nuclear-related protein in renal cortex and medulla. mRNA expression was determined
by immunoblot analysis. (A) Bax, Bcl-2, cleaved caspase-3, and nuclear protein NF-kB activities in the renal cortex were
determined but (B) showed no difference in the medulla. * P<0.05, sham group vs control group; ** P<0.05, control group vs
NO24 group; and *** P<0.05, sham group vs control group vs NO24 group were considered as significant. Prism, version 5
(GraphPad Software, Inc, San Diego, CA USA) was used to create the figure.
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Figure 3. mRNA expression of inflammatory cytokines and adhesion molecules in renal cortex and medulla. mRNA expression levels
were measured by real-time PCR. mRNA expression of inflammatory cytokines (IL-1B, IL-6, IL-9, and TNF-o) and adhesion
molecules (ICAM and VCAM). mRNA expression levels of inflammatory cytokines were decreased in the NO24 group
compared with those in the control group. mRNA expression of adhesion molecules did not differ among groups in the (A)
cortex and (B) medulla. * P<0.05, sham group vs control group, ** p<0.05, control group vs NO24 group, and *** P<0.05, sham
group vs control group vs NO24 group were considered as significant. Prism, version 5 (GraphPad Software, Inc, San Diego,
CA, USA) was used to create the figure.
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Figure 4. Immunohistochemical analysis of renal morphology. Paraffin tissue blocks were prepared for each group by sectioning for
immunohistochemical staining. Staining with hematoxylin and eosin and periodic acid-Schiff for renal tissues of (A) sham,
(B) control, and (C) NO24 groups (D) and semi-quantitative scoring of tubular damage. Atrophy and necrosis decreased in the
NO24 group compared with in the control group. (B) The control group contained many hyaline casts.

control group. Interestingly, the control group exhibited many
hyaline casts (Figure 4A-4D).

Discussion

This study demonstrated that wrapping of the kidney with NO-
releasing nanofiber reduced the aggravation of renal function
due to IRI, as evidenced by blunted increases in serum creat-
inine levels. Histological changes indicated decreased tubular
necrosis and atrophy in the NO24 group compared with the
control group, suggesting that NO-releasing nanofibers had a
protective effect against IRI.

NO-supplying materials have been previously investigated.
Rodriguez-Pena et al [14] showed that intra-renal administration
of molsidomine before reperfusion improved renal function and
decreased inflammatory responses after IRI. Barakat et al [15]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

demonstrated that IRI impaired graft function during the first
week after transplantation, and that injection with L-arginine
before ischemia antagonized graft deterioration and improved
the morphological appearance. Zhu et al [16] showed that indo-
methacin had a protective effect in a certain dose range; nota-
bly, its effect on IRl in mice was related to COX-1/2 blockade.

We applied a recently developed NO-releasing nanofiber in
this experiment to supply NO. A limitation of previous meth-
ods was that the molecules capable of supplying NO were de-
livered by intravenous administration, which can lead to un-
predictable systemic effects. However, NO-releasing nanofibers
have the advantage of minimizing systemic effects because
they are delivered directly to the target tissue through diffu-
sion. In this study, the best outcomes were obtained when
the NO sheet was wrapped 1 h before ischemia and then re-
moved after 24 h. Regarding the physiological properties of NO-
releasing nanofibers, the time to reach half of the maximum
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concentration was consistently 5 min, the maximum dose was
approached within 1 h, and the duration to reach the maxi-
mum dose was 25 h [21].

To compare kidney function, serum creatinine was measured
48 h after surgery. In the control group with kidney IRI, kidney
function was significantly worse than that in the sham group
without IRI. In the NO24 group, kidney function was signifi-
cantly improved compared with that of the control group. In
analysis of the degree of damage through semi-quantitative
scoring of tubular damage, in the NO24 group, the damage
including atrophy and necrosis was 60%, which was found to
reduce tubular injury, compared with the value of 71% in the
control group. These findings demonstrate the protective ef-
fect of NO-releasing nanofibers on IRI.

To understand the mechanisms underlying the protective effect
of NO-releasing nanofibers against IRI, we first analyzed apop-
tosis-regulatory proteins. NO exhibits pro-apoptotic and anti-
apoptotic effects [13,22]. A previous study suggested that the
Bax/Bcl-2 ratio regulates caspase-3 expression and modulates
apoptosis [23]. Cleaved caspase-3 plays an important role in
the caspase cascade of the apoptotic pathway; the activation
of caspase-3 leads to DNA fragmentation and cell death in the
final stage of apoptosis [24]. In the present study, we found
that Bax protein was downregulated, whereas Bcl-2 protein
was upregulated in the renal cortex in the NO24 group com-
pared with in the control group. In addition, the protein expres-
sion levels of cleaved caspase-3 and NF-kB were decreased in
the NO24 group. These results suggest that NO absorbed from
nanofibers wrapped around the kidney protected against re-
nal damage due to IRI by modulating apoptosis-related genes
and inhibiting NF-xB expression (Supplementary Figure 3).

In IRI, the cytokine TNF-a functions to stimulate neutrophil infil-
tration [25], induce the production of other inflammatory cyto-
kines [14], and activate NF-kB, a nuclear protein that regulates
inflammatory responses [26]. Previous studies demonstrat-
ed that NO inhibits TNF-o and IL-1 [14,25,27]. In the present
study, the mRNA expression of TNF-a was significantly upreg-
ulated in the control group compared with other groups, while
the NO24 and sham groups expressed similar TNF-o. mRNA
levels. The inflammatory cytokines IL-1f3, IL-6, and IL-9 mRNA
also showed similar trends. Thus, our results are consistent
with those of previous studies and suggest that NO absorbed
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from nanofiber wrapping the kidney protects against renal
damage from IRI through the inhibition of inflammation-relat-
ed genes. After IRI, cell adhesion molecules (CAMs) are upreg-
ulated by inflammatory cytokines [28]. CAMs mediate the ini-
tial attachment between polymorphonuclear neutrophils and
activated endothelium [29]. NO inhibits TNF-oe and IL-1f and
leads to downregulation of VCAM, ICAM, and endothelial-leu-
kocyte adhesion molecule-1 [30]. However, the results of the
present study did not support previous reports in this con-
text. In other words, there were no significant differences in
ICAM and VCAM levels between the control and NO24 groups.

In this study, the renal cortex and medulla were examined
separately. Because NO from NO-releasing nanofibers was
transferred to tissues by diffusion, it was assumed that the
amounts of NO reaching the cortex and medulla would differ
depending on the manner of wrapping the NO sheet around
the kidney. This hypothesis was supported by the results of
this study. The NO-releasing nanofibers showed an excellent
effect in the renal cortex but not in the medulla. This is a lim-
itation of kidney wrapping with NO-releasing nanofibers, and
further studies are needed to optimize their efficacy through
the control of release rate, concentration, and wrapping time
of nanofiber sheets. In the design of this experiment, anoth-
er control group, kidney wrapped nanofiber without NO, was
not included, so the robustness of the study results may be
lacking. In addition, further experiments are needed to verify
the concentration of NO and to prove the protective mecha-
nism of NO against IRI.

Conclusions

This study demonstrated the protective effects of kidney wrap-
ping with NO-releasing nanofibers against IRl through anti-
apoptotic and anti-inflammatory activities. Our novel NO de-
livery approach may be valuable for decreasing damage due
to renal IRl in various surgical settings.
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Supplementary Figure 1. Nitric oxide-releasing nanofiber. Supplementary Figure 2. Experimental procedure.
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Supplementary Figure 3. Schematic diagram illustrating protective effect of nitric oxide (NO) releasing nanofiber against ischemia-
reperfusion injury. NO inhibited the expression of TNF-a and led to anti-apoptosis effects through regulation
of Bcl-2, Bax, and Caspase. NO also induced an anti-inflammatory response by suppressing NF-xB and
inhibiting IL-1p, IL-6, and IL-9. S-GC — soluble Guanylyl cyclase; C-GMP — cyclic Guanine monophosphate;
L-Arg — L-Arginine; L-Citr — L-Citrulline.
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